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AMPK activation does not enhance autophagy in neurons in contrast to MTORC1
inhibition: different impact on β-amyloid clearance
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ABSTRACT
The physiological AKT-MTORC1 and AMPK signaling pathways are considered key nodes in the regula-
tion of anabolism-catabolism, and particularly of macroautophagy/autophagy. Indeed, it is reported that
these are altered processes in neurodegenerative proteinopathies such as Alzheimer disease (AD),
mainly characterized by deposits of β-amyloid (Aβ) and hyperphosphorylated MAPT. These accumula-
tions disrupt the optimal neuronal proteostasis, and hence, the recovery/enhancement of autophagy
has been proposed as a therapeutic approach against these proteinopathies. The purpose of the present
study was to characterize the modulation of autophagy by MTORC1 and AMPK signaling pathways in
the highly specialized neurons, as well as their repercussions on Aβ production. Using a double
transgenic mice model of AD, we demonstrated that MTORC1 inhibition, either in vivo or ex vivo (primary
neuronal cultures), was able to reduce amyloid secretion through moderate autophagy induction in
neurons. The pharmacological prevention of autophagy in neurons augmented the Aβ secretion and
reversed the effect of rapamycin, confirming the anti-amyloidogenic effects of autophagy in neurons.
Inhibition of AMPK with compound C generated the expected decrease in autophagy induction, though
surprisingly did not increase the Aβ secretion. In contrast, increased activity of AMPK with metformin,
AICAR, 2DG, or by gene overexpression did not enhance autophagy but had different effects on Aβ
secretion: whereas metformin and 2DG diminished the secreted Aβ levels, AICAR and PRKAA1/AMPK
gene overexpression increased them. We conclude that AMPK has a significantly different role in primary
neurons than in other reported cells, lacking a direct effect on autophagy-dependent amyloidosis.

Abbreviations: 2DG: 2-deoxy-D-glucose; Aβ: β-amyloid; ACACA: acetyl-CoA carboxylase alpha; ACTB: actin
beta; AD: Alzheimer disease; AICAR: 5-aminoimidazole-4-carboxamide-1-β-riboside; AKT: AKT kinases group
(AKT1 [AKT serine/threonine kinase 1], AKT2 and AKT3); AMPK: adenosine 5‘-monophosphate (AMP)-activated
protein kinase; APP: amyloid beta precursor protein; APP/PSEN1: B6.Cg-Tg (APPSwe, PSEN1dE9) 85Dbo/J; ATG:
autophagy related; ATP: adenosine triphosphate; BafA1: bafilomycin A1; CA: constitutively active; CGN: cere-
bellar granule neuron; CoC/compound C: dorsommorphin dihydrochloride; ELISA: enzyme-linked immunosor-
bent assay; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; GFP: green fluorescent protein; Gmax:
GlutaMAX™; IN1: PIK3C3/VPS34-IN1; KI: kinase-inactive; MAP1LC3B/LC3: microtubule associated protein 1
light chain 3; MAPT/TAU: microtubule associated protein tau; Metf: metformin; MRT: MRT68921; MTORC1:
mechanistic target of rapamycin kinase complex 1; NBR1: NBR1 autophagy cargo receptor; PRKAA: 5ʹ-AMP-
activated protein kinase catalytic subunit alpha; PtdIns3K: phosphatidylinositol 3-kinase; Rapa: rapamycin;
RPS6KB1/S6K: ribosomal protein S6 (RPS6) kinase polypeptide 1; SCR: scramble; SQSTM1/p62: sequestosome
1; ULK1/2: unc-51 like autophagy activating kinase 1/2; WT: wild type.
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Introduction

The aging process is a complex, progressive decline of physio-
logical functions with several involved molecular mechanisms,
constituting a primary risk factor for many diseases. Aberrant
accumulation of proteins is a character of many age-associated
neuropathologies, such as Alzheimer (AD), Parkinson,
Huntington, and prion diseases, and falls into the category of
proteinopathies [1]. These pathologic conditions are at least in
part the result of a disruption in the regulation of proteostasis,
the maintenance of concentration, conformation, and location
of every member of the proteome needed for their correct

function and proper cellular physiology [2]. Its preservation
depends on a delicate balance between all the mechanisms
involved in the synthesis, folding, traffic, and degradation of
proteins.

Neurons are especially sensitive to the correct maintenance
of proteostasis. As post-mitotic cells, neurons cannot dilute
harmful protein aggregates or dysfunctional organelles
through cellular division [3]. In addition, their polarized and
excitable character, with dendrites and axons spanning long
distances, require compartmentalization of proteostatic
mechanisms and their associated high energy demands to
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a specific location. Thus, the proper elimination of toxic by-
products and recycling activity of the lysosome is crucial to
prevent pathological processes. Within degradation systems,
autophagy plays an essential role in maintaining physiological
conditions in neurons. In particular, its dysfunction is asso-
ciated with the abnormal protein polymerization/aggregation
observed in age-related neurodegenerative diseases [4], such
as β-amyloid and MAPT (microtubule associated protein tau)
in AD, HTT (huntingtin) in Huntington, or SNCA/synuclein
in Parkinson [5–7]. Indeed, several studies have shown that
autophagy deficits occur in the early stages of AD [8–11].

Autophagy is the catabolic mechanism used to degrade
unnecessary or dysfunctional cellular components, through
the action of lysosomes in animal cells, or vacuoles in plants
and yeasts [12,13]. Three main subtypes have been described
to date: macroautophagy, chaperone-mediated autophagy,
and microautophagy (for a review see [14,15]). Among
them, macroautophagy (hereafter referred to simply as auto-
phagy) is the best characterized in the nervous system [16,17].
It consists of the formation of a phagophore, sequestering part
of the cytoplasm in a double-membraned autophagic vesicle
or autophagosome, for subsequent fusion with the lysosome
and degradation of its content. The dynamic process of autop-
hagosome generation and degradation by fusion with the
lysosome has been termed autophagic flux (for a review see
[3,18]). Briefly, in mammalian cells, initiation is carried out by
activation of the class III phosphatidylinositol 3-kinase
(PtdIns3K) complex by the ULK1/2 (unc-51 like autophagy
activating kinase 1/2) complex, leading to primary nucleation
of the membrane and recruitment of many ATG (autophagy
related) proteins. Membrane elongation then occurs under the
direction of two ubiquitin-like conjugation systems, ATG12–
ATG5 and MAP1LC3B/LC3 (microtubule associated protein
1 light chain 3). ATG12 binds ATG5 and ATG16L1 to facil-
itate the recruitment and lipidation of the cytosolic form of
LC3 (LC3-I) with phosphatidylethanolamine to become the
phagophore-specific and autophagosome membrane-
associated form LC3-II [18–20]. Cytoplasmic substrates are
recognized by autophagic receptors, such as SQSTM1/p62
(sequestosome 1) or NBR1 (NBR1 autophagy cargo receptor),
which also recognize the LC3-II protein [21,22]. Finally, the
autophagosome fuses its outer membrane with a lysosome,
forming a single membrane autolysosome, whose contents are
degraded by acidic lysosomal hydrolases, restoring the
lysosome.

Of the several reported physiological signaling pathways
involved in the regulation of autophagy, two central nodes in
the regulation of the anabolism-catabolism balance stand out:
the AKT-mechanistic target of rapamycin kinase complex 1
(MTORC1) and AMP-activated protein kinase (AMPK) path-
ways. Both integrate several metabolic signals such as the
availability of nutrients (amino acids and growth factors via
AKT-MTORC1) or energetic status (defined by oxygen and
glucose levels via [AMP][ADP]/[ATP]-AMPK; for a review
see [23,24]). MTORC1 prevents autophagy through inhibitory
phosphorylation of ULK1/2 and class III PtdIns3K complexes,
but also of the TFEB (transcription factor EB), which is
involved in the synthesis of ATG and lysosomal proteins
(for a review see [25]). Thus, the principal strategy for

experimental induction of autophagy is inhibition of
MTORC1 activity, by nutrient deprivation or the use of com-
pounds such as rapamycin [25–27]. A common indicator of
MTORC1 activity is the phosphorylation of its substrate
RPS6KB1/S6K (ribosomal protein S6 kinase, polypeptide 1)
on Thr389, which in turn phosphorylates RPS6 on Ser240/
244. AMPK plays a dual role in the induction of autophagy, as
it switches on the ULK1/2 and class III PtdIns3K complexes
but also inhibits MTORC1 activity [28,29]. Phosphorylation
on Thr172 of the subunit PRKAA (5ʹ-AMP-activated protein
kinase catalytic subunit alpha) of AMPK is usually employed
as a positive marker of its activity, as well as those of its
targets, including ACACA (acetyl-CoA carboxylase alpha)
on Ser79. In AD, there are reports of altered MTORC1 and
AMPK activity levels, thus disrupting the optimal cellular
response to metabolic and stress insults, and worsening neu-
ronal proteostasis.

Therefore, in the present study, we analyzed whether the
trigger of autophagy, either by MTORC1 inhibition or AMPK
activation, could similarly control the pathological accumula-
tion of β-amyloid. For this purpose, we used double-
transgenic APP/PSEN1 mice, which accumulate human
Aβ1-40 and Aβ1-42 proteins in a time-dependent fashion
similarly in cortex and cerebellum [30]. Thus, we used pri-
mary cerebellar granule neurons (CGNs) from APP/PSEN1
mice, as they constitute a highly pure and homogeneous
neuronal pool.

We demonstrated that MTORC1 inhibition, either in vivo
or ex vivo (primary neuronal cultures), was able to reduce
amyloid secretion through moderate autophagy induction in
neurons. In contrast, activation of AMPK by several methods
(pharmacologically or by overexpression) did not generate
a major contribution to autophagy and consequently did not
reduce amyloid production. Thus we conclude that AMPK
has a more complex modulation of autophagy in neuronal
systems, lacking a direct effect on amyloidosis.

Results

Rapamycin reduces β-amyloid levels in mice of a double
transgenic AD model

First, we did a comparative analysis (wild type vs. APP/
PSEN1) of two autophagy markers (LC3-II and SQSTM1)
and studied MTORC1 activity using different phospho-
epitopes of RPS6KB1 and the subsequent phosphorylation of
its substrate, RPS6. Protein assays of the cerebral cortex from
9-month-old mice by western blot showed that SQSTM1
levels were significantly higher in APP/PSEN1 mice, whereas
LC3-II variations were not statistically significant (Figure 1A).
Additionally, APP/PSEN1 mouse samples showed increased
p-RPS6 levels, and apparent higher levels of p-RPS6KB1 (non-
significant), when compared to those of wild type littermates
(Figure 1B). These results are in accordance with previous
data that described hyperactivation of MTORC1 and the
accumulation of autophagic markers in AD [31,32].

Next, we analyzed hippocampal tissue samples obtained
from postmortem brains of AD patients with Braak stages
III, IV, and V. Our data showed that AD brains, particularly
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Figure 1. Role of autophagy in the APP/PSEN1 Alzheimer disease (AD) mouse model. (A-D) Western blot analysis of the autophagic markers SQSTM1, LC3 and
MTORC1 activity (p-RPS6KB1 T389 and p-RPS6 S240/244) from (A-B) brain cortical samples obtained from 9- month-old APP/PSEN1 and WT mice (n = 3), and from
(C-D) hippocampal tissue obtained post mortem from control or Braak stages III, IV and V AD patients (n = 3). (E-H) Analysis of APP/PSEN1 mice intraperitoneally
injected with rapamycin every 48 h for 2 months (n = 8 mice treated with vehicle, 9 with rapamycin). (E) Western blot analysis of the autophagic markers SQSTM1
and LC3, MTORC1 activity (p-RPS6KB1 T389 and p-RPS6 S240/244) and MAPT (PHF1: p-MAPT S396/404; MAPT total) in the cerebral cortex. (F) Aβ40 blood plasma
levels in samples were measured at the beginning and end of the experiment, (G) Aβ40 and (H) Aβ42 levels in cerebral cortex samples were determined by ELISA.
Student’s t-test was performed (ns, non-significant; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001). Bars represent mean ± standard error of the mean (SEM).
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in samples from Braak stage V, had an increase of SQSTM1
and apparent higher levels of p-RPS6 and LC3-II (non-
significant) that were similar to those observed in APP/
PSEN1 mice (Figure 1C and D). Thus, these data confirm
the reproduction of autophagy-related AD pathology in our
APP/PSEN1 mouse model.

To check if the enhancement of autophagic status by
MTORC1 inhibition could have a therapeutic effect on our
APP/PSEN1 mouse model, we chose the previously described
inhibitor of MTORC1 rapamycin. Based on previous studies
[33–37], we performed some pilot experiments (data not
shown), and we determined an optimal dose of 5 mg/kg
rapamycin each 48 h. We treated APP/PSEN1 mice for
2 months, starting at 4 months-of-age since β-amyloid levels
exponentially increase and begin to accumulate in APP/
PSEN1 mouse brains during this period [38]. Finally, we
took blood samples at the beginning and end of the experi-
ment and sacrificed the mice to harvest the brain tissue.

We analyzed cerebral cortex samples by western blot to
check that rapamycin was efficiently passing the blood-brain
barrier and inhibiting MTORC1 after 2 months of treatment. It
was confirmed by lower levels of phosphorylation in the targets
p-RPS6KB1(T389) and p-RPS6(S240/244) in rapamycin-treated
mice, when compared with APP/PSEN1 mice treated only with
vehicle (Figure 1E). Rapamycin treatment led to a reduction in
LC3-II, which may be due to an improvement in autophagic
flux and degradation rate, as suggested by lowered SQSTM1
levels (Figure 1E). Considering that most of these proteins
(SQSTM1, NBR1, or LC3) are not exclusively present in neu-
rons, we decided to use a particularly abundant protein in
neurons, such as MAPT/TAU, as an internal control for the
effect of rapamycin specifically in neurons. Besides, the phos-
phorylation of MAPT is increased in AD patients and some
amyloidosis mouse models, correlating with the accumulation
of amyloid peptide and the degeneration process [30,39,40].
We observed that MAPT-specific phospho-epitope PHF1
showed a lower phosphorylation level in mice treated with
rapamycin, without modifying total MAPT levels, which
strongly suggests that rapamycin was indeed reaching the neu-
rons (Figure 1E).

Next, we determined the Aβ40 levels in blood plasma by
a human-specific Aβ40 (h-Aβ40) ELISA, using samples col-
lected at the beginning and the end of the experiment. The
data showed a significant reduction of h-Aβ40 in the blood of
APP/PSEN1 mice treated with rapamycin, when compared to
the APP/PSEN1 mice treated with vehicle, at the same time
point (Figure 1F). We obtained non-significant differences for
Aβ42 levels (data not shown). We analyzed the cerebral cortex
samples by h-Aβ40-specific ELISA to confirm the observed
peripheral anti-amyloid effect of rapamycin. APP/PSEN1
mice treated with rapamycin showed significantly decreased
amyloid levels in the brain compared to the APP/PSEN1 mice
treated with vehicle (Figure 1G). An apparent decrease was
also observed for Aβ42 levels, although it was not significant
(p = 0.08) (Figure 1H). Cerebellum samples were also ana-
lyzed by h-Aβ40- and h-Aβ42-specific ELISAs, although we
observed non-significant differences between groups (Fig. S1).

These results support the initial hypothesis that the
MTORC1 inhibitor rapamycin has a therapeutic anti-

amyloidogenic effect in our AD mouse model. An increased
degradative efficiency, denoted by the lower levels of SQSTM1
and LC3-II (Figure 1E), suggests that the mechanism of action
may be autophagy induction and elimination of β-amyloid
peptide, even though these proteins are not exclusively pre-
sent in neurons.

Rapamycin reduces Aβ40 secretion in primary neurons
isolated from APP/PSEN1 mice via MTORC1-dependent
induction of autophagy

We used cultured cerebellar granule neurons (CGNs)
obtained from APP/PSEN1 mice to verify whether the anti-
amyloidogenic effect of rapamycin takes place in neurons.
Then, we treated them with rapamycin and measured
h-Aβ40 secreted to the culture supernatant by ELISA. Our
data showed a statistically significant reduction of secreted
Aβ40 after 48 h of rapamycin treatment (Figure 2A). In
a similar experiment, we analyzed cellular extracts of CGNs
from wild type and APP/PSEN1 mice by western blot.
Rapamycin efficiently inhibited MTORC1 after 48 h of treat-
ment, downregulating its phosphorylation targets p-RPS6KB1
(T389) and p-RPS6 (S240/244), both in wild type and APP/
PSEN1 CGNs (Figure 2B). Observed higher levels of LC3-II
and the decrease in autophagy receptors NBR1 and SQSTM1
(Figure 2B) support a higher rate of autophagic degradation in
both neuronal genotypes. In contrast, rapamycin treatment
did not diminish the levels of APP and BACE1 (Figure 2B).
Thus, we hypothesized that in the case of rapamycin-treated
CGNs from APP/PSEN1 mice, the lower Aβ40 levels were not
due to a reduction in its synthesis, but rather to an increase in
autophagic degradation rate, as we confirm in the next two
sections.

Inhibition of MTORC1 by rapamycin slightly increases the
autophagic flux in neuronal systems

We proceeded to analyze the autophagic response to rapamy-
cin in neurons further. To estimate the status of autophagic
flux, both in constitutive (control) and induced (rapamycin-
treated) autophagy, we compared levels of autophagy-specific
markers in the presence and absence of the v-ATPase inhibi-
tor BafA1, which blocks lysosomal degradation [26,41,42]. To
diminish the off-target effects of sustained partial inhibition of
MTORC2 [43], shown by lower levels of p-AKT(S473) (Fig.
S2A), we reduced the duration of rapamycin treatment from
48 to 24 h, a time when rapamycin was still able to inhibit
MTORC1 and increase the LC3-II levels (Figure 2C). Due to
the toxicity of long-term administration of BafA1 (Fig. S2B), it
was added only for the final 4 h before harvesting the neu-
rons. In parallel, CGNs from wild type and APP/PSEN1 mice
were treated with 200 nM rapamycin for 24 h, and 100 nM
BafA1 was added to the culture for the last 4 h. We monitored
the marker p-RPS6 (S240/244) as control of rapamycin inhi-
bitory efficiency (Figure 2D). The accumulation of LC3-II,
NBR1, and SQSTM1 in the presence of BafA1 confirmed the
existence of a proper autophagic flux in neurons from both
WT and APP/PSEN1 mice. Also, it corroborated the modula-
tion of NBR1 and SQSTM1 levels by this process (Figure 2D).
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Figure 2. Effect of rapamycin treatment on cerebellar granule neuron (CGN) cultures. (A-B) Effect of 48 h treatment with 200 nM rapamycin (Rapa) in CGNs obtained
from APP/PSEN1 mice. (A) Aβ40 levels detected in culture media by ELISA. Student’s t-test (n = 3). (B) Western blot analysis of the autophagic markers NBR1, SQSTM1,
and LC3, MTORC1 activity (p-RPS6KB1 T389 and p-RPS6 S240/244), and the amyloidogenic pathway (APP and BACE1) from cellular extracts compared to WT CGN
cultures. Two-way ANOVA (n = 3). (C) Western blot analysis of LC3-II levels after 24 h of rapamycin treatment. Student’s t-test (n = 4). (D) Autophagic flux analysis by
addition of bafilomycin A1 (BafA1; 100 nM) during the last 4 h of the 24 h rapamycin treatment, and quantification of autophagic markers LC3-II, NBR1 and SQSTM1.
Three-way ANOVA (n = 4). Two exposure intensities, low and high, are shown for LC3. (E) CGNs were infected 2 d after plating with lentiviral particles to express
a tandem mCherry-GFP tagged LC3 construct. The infected cells were incubated with 200 nM rapamycin for 24 h and/or 10 nM BafA1 for 4 h. Nuclei were stained
with DAPI. Scale bar: 5 µm. Formations of mCherry-GFP-LC3 dots (yellow and red) were quantified (100 neurons per experimental condition). Two-way ANOVAs were
performed for red (left graph) and yellow (right graph) dots separately. The final scheme represents the color code of each compartment in basal conditions. ns, non-
significant; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001. Bars represent mean ± SEM (A-D). Box plots represent 10th, 25th, 50th, 75th and 90th percentiles as boxes and error
bars, and outliers as dots (E).
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However, only SQSTM1 showed accumulation in the presence
of BafA1 significantly higher when treating the neurons with
rapamycin, in both WT and APP/PS1 cultures (Figure 2D).
The moderate increase of autophagy with rapamycin was
more evident with this technique in the following experiments
(Fig. 3A-D and 4A-E).

As a complementary strategy, neurons were infected with
lentiviral particles to express a tandem mCherry-GFP tagged
LC3 construct. Briefly, the fluorescent signal of GFP is more
sensitive to the acidic conditions of the lysosome. In contrast,
mCherry is more stable, so the colocalization of both GFP and
mCherry fluorescent dots corresponds to an autophagosome
(yellow dot), but an mCherry signal without GFP indicates the
formation of an autolysosome (red dot). The infected cells
were incubated with 200 nM rapamycin for 24 h and/or
10 nM BafA1 for 4 h. Formations of mCherry-GFP-LC3
dots (yellow and red) were quantified (Figure 2E). Neurons
treated with rapamycin showed a statistically significant
increased number of autolysosomes (red dots), which sup-
ports the higher autophagic flux rate (Figure 2E, left graph).
BafA1 inhibits the lysosomal v-ATPase, preventing its acid-
ification and, therefore, the loss of GFP signal. Thus, the
statistically significant increase of yellow vesicles in neurons
treated with Rapa+BafA1, compared to BafA1 alone,

confirmed a higher autophagic flux with rapamycin (Figure
2E, right graph). Altogether, these results indicate that rapa-
mycin augments LC3-II levels in CGNs as a consequence of
a modest increase of autophagic flux, consequently increasing
the autophagic degradation rate.

Although our results support only a modest induction of
autophagy in CGNs after MTORC1 inhibition, rapamycin has
been described as a potent inducer of autophagy, principally
in cell lines [44]. To check whether the effect was cell line-
dependent, we performed similar autophagic flux assays in 2
neuroblastoma cell lines, SH-SY5Y, and N1E-115. Although
rapamycin efficiently inhibited MTORC1 in both cell lines,
autophagy induction in the tumorous N1E-115 cells was out-
standing compared to the less-proliferating SH-SY5Y, accord-
ing to variations in LC3-II, NBR1, and SQSTM1 (Fig. S2C and
S2D). This result is consistent with the idea that autophagy
induction by rapamycin is generally moderate in neuron-like
systems. Moreover, downregulation of ATG5 using two inter-
fering RNAs in SH-SY5Y cells confirmed that the lowered
levels of SQSTM1 in the presence of rapamycin was indeed
mediated by the autophagy degradation process (Fig. S2E).

To rule out that the modest autophagy induction observed
with rapamycin in neurons was a particular effect of this
chemical compound, we used an alternative, more
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physiological inhibition of MTORC1: depletion of amino
acids, such as glutamine. For this, CGNs were cultured with
or without the glutamine analog GlutaMAX™ (Gmax) for 4 or
24 h, showing a modest effect on autophagic flux (Fig. S3A).
Similar to rapamycin, we observed a statistically significant
decrease of SQSTM1 levels after 24 h of Gmax deprivation
(Fig. S3B). These results strongly suggest that the modest
induction of autophagy observed in CGNs and SH-SY5Y
cells (data not shown) is characteristic of MTORC1 inhibition
in neuronal systems.

Autophagy prevention reverses the Aβ-lowering effect of
rapamycin

To confirm that an increased autophagic degradation rate
mediated the anti-amyloidogenic effect of rapamycin, we pro-
ceeded to block the initial formation of autophagosomes. For
this purpose, PIK3C3/VPS34-inhibitor 1 (IN1), which specifi-
cally inhibits the PIK3C3 subunit of class III PtdIns3K complex
without affecting other PIK3s [45,46], and MRT68921 (MRT),
a potent specific inhibitor of the ULK complex kinases ULK1/2
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[47], were used. We treated CGNs for 24 h with or without
rapamycin in the presence or absence of IN1 or MRT inhibitors,
and in a parallel set of experiments, we added BafA1 only for the
last 4 h (Figure 3A-D). Western blot analysis showed that both
inhibitors, IN1 and MRT, were able to reduce autophagosome
formation and, therefore, autophagic flux, both in basal (control)
and rapamycin-induced autophagy conditions, as LC3-II accu-
mulation with BafA1 diminished, and degradation of NBR1 and
SQSTM1 (Figure 3A-D).

In an equivalent set of experiments, we treated APP/PSEN1
CGNs either with 0.25 µM IN1 or 0.5 µM MRT for 24 h; or
0.1 µM IN1 or 0.1 µM MRT for 48 h. We harvested culture
media to determine the level of Aβ40 by specific ELISA. We
could not observe significant differences with any treatment at
24 h, nor with nontoxic concentrations of IN1 at 48 h
(Figure 3E). However, MRT-treated cells had significantly
increased levels of Aβ40 after 48 h (Figure 3E). Moreover,
after 48 h, a time when rapamycin significantly reduces β-
amyloid secretion, MRT was able to revert this effect to
control levels (Figure 3E). These results allowed us to con-
clude that autophagy has an anti-amyloidogenic effect and
that the modest enhancement of autophagy by rapamycin
mediates its Aβ-lowering effect in neurons.

AMPK activation does not induce autophagy in CGN or
SH-SY5Y cell cultures

AMPK stimulates the initial steps of autophagy, favoring
activation of the ULK complex and a pro-autophagic config-
uration of class III PtdIns3K complex [28,29]. Thus,
our second aim was to analyze the role of AMPK as an
inducer of autophagy using our neuronal systems.

We proceeded to test autophagic flux in CGNs treated with
the AMPK activators AICAR or Metf, and we combined these
treatments with rapamycin to identify any additive effects
(Figure 4A, C–E). AMPK activity was analyzed using an anti-
body against the phosphorylation site Thr172 (T172) of its
subunit PRKAA, as well as the phosphorylation of its targets
ACACA (S79) and ULK1 (S555). Autophagy status was mon-
itored as before by measuring the levels of LC3-II, NBR1, and
SQSTM1. Analyses were performed after only 4 h of treat-
ment to ensure the maintenance of optimal AMPK activation
and diminish the duration of subsequent inhibition of
MTORC1 (Fig. S4A and S4B). The BafA1 concentration was
reduced to 10 nM to avoid possible off-target and saturating
effects, as it tends to lead to higher differences in flux deter-
minations between treatments (Fig. S4C).

Our data showed that AICAR and Metf efficiently activated
AMPK, as indicated by phosphorylation on T172 and its targets
ACACA (S79) and the pro-autophagic ULK1 (S555) (Figure 4A).
However, neither of them increased the autophagic flux, as the
changes in LC3-II, NBR1, and SQSTM1 with or without BafA1
were similar or even lower than the controls (Figure 4A, C–E).We
added rapamycin, in combination with the AMPK activators, to
ensure the lack of autophagy induction was due to an insufficient
inhibition of MTORC1. Although the observed NBR1 and LC3-II
levels suggested a partial recovery in the presence of rapamycin,
they both pointed to an autophagic flux still lower than that
observed in neurons treated with rapamycin alone (Figure 4A,

C–E). We obtained analogous results in SH-SY5Y cells (Fig. S4D)
and after using the AMPK activator 2DG, both in CGNs (data not
shown) and SH-SY5Y cells after different treatment periods (Fig.
S4B and S4D).

Basal AMPK activity is essential for the achievement of
proper autophagy in CGN or SH-SY5Y cell cultures

Since the activation of AMPK led to diminished autophagy
efficiency in the neuronal systems assayed, our next query was
whether initiating the process required the active form of
AMPK [28,29]. Thus, we evaluated autophagic flux after inhi-
bition of AMPK, for which we employed the AMPK inhibitor
CoC [48].

Our data revealed that in CGNs, inhibition of AMPK with
CoC lowered the accumulation of LC3-II in the presence of
BafA1, therefore reducing autophagic flux and degradation
rate, as indicated by NBR1 and SQSTM1 levels (Figure 4B-E).
Similarly, CoC drastically blocked autophagy flux and degrada-
tion rate in SH-SY5Y cells (Figure 4F–I). The inhibition of
AMPK by CoC was clear in both neuronal cell systems, evi-
denced by the level of phosphorylation of ACACA (Figure 4A
and F), even prevailing over AMPK activation by 2DG
(Figure 4F), AICAR or Metf (Fig. S5A). In the same way, CoC
treatment reversed rapamycin-induced autophagy in both CGNs
and SH-SY5Y cultures (Figure 4B–I).

Contrary to CGNs, SH-SY5Y cells treated with CoC
showed reduced MTORC1 activity and increased LC3-II levels
in a time- and concentration-dependent manner (Fig. S5B).
This effect has been previously described as an AMPK-
independent mechanism in some tumorigenic cell lines [49].
However, constitutive activation of MTORC1 by expression of
RHEBQ64L showed no change in the effect of CoC on LC3-II
and NBR1 levels or autophagic flux rate (Fig. S5C). Thus, our
results support that the autophagic effects of CoC are unre-
lated to such cell-specific inhibitions of MTORC1.

AMPK activation does not modify the level of Aβ40
secreted by CGNs through autophagy

CGNs obtained from APP/PSEN1 mice were treated with the
AMPK activators AICAR, Metf and 2DG, or with the AMPK
inhibitor CoC for 24 or 48 h. Culture supernatants were collected,
andwedetermined levels of h-Aβ40 by specific ELISA (Figure 5A).
Our data show that both 2DG and CoC reduced Aβ levels after
48 h of treatment similar to rapamycin, whereas Metf caused an
even greater drop (Figure 5A). In contrast, AICAR treatment
significantly increased secreted amyloid after only 24 h of treat-
ment and remained elevated after 48 h (Figure 5A).

To check for the role of autophagy in these conflicting results,
we proceeded to block the initial formation of autophagosomes by
inhibition of the class III PtdIns3K and theULK complexwith IN1
and MRT, respectively. As long-term treatment with combina-
tions of AMPK modulators and autophagy inhibitors led to toxic
effects, we only performed experiments lasting 24 h. Contrary to
the autophagy inducer rapamycin or control conditions, neither
IN1 nor MRT produced an increase in β-amyloid levels when
combined with any of the AMPK modulators (Figure 5B).
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As the AMPK activator AICAR displayed an opposite
response in secreted amyloid compared to Metf and 2DG,
we attempted to differentiate those mediated by an off-target
effect or by AMPK activity alone. Thus, we treated CGNs
from APP/PSEN1 mice with AICAR or Metf in the presence
or absence of the AMPK inhibitor CoC, and after 24 or 48 h,
we determined the h-Aβ40 levels by specific ELISA. CoC was
only able to block the effect of AICAR, as amyloid quantity in
the presence of AICAR reverted to control levels at both 24
and 48 h (Figure 5C). On the contrary, CoC did not revert
secreted amyloid levels after treatment with Metf or 2DG
(data not shown).

These results allow us to conclude that the activation of AMPK
mediated the increased amyloid secretion by AICAR. However,
this effect was not dependent on autophagy since, similar to Metf,
blockage of autophagy by IN1/MRT did not affect amyloid
secretion.

Active AMPK overexpression does not induce autophagy
but increases levels of Aβ40 secreted by CGNs

To further study the complex role of AMPK in the regulation of
autophagy in neurons, we proceeded to modulate its activity
through lentiviral-mediated transformation. Constitutively

active (CA), kinase-inactive (KI), or wild type forms of
PRKAA1 were overexpressed in CGNs (with the expression of
a scramble sequence [SCR] as an infection control), and analyzed
at 3 d post-infection (Figure 6). Phosphorylation levels of the
AMPK targets p-ACACA(S79) and p-ULK1(S555) were
increased in the presence of the CA form and, to a lesser extent,
with the wild type form of PRKAA1, whereas the KI form led to
a modest decrease (Figure 6A). We treated transformed neurons
with 10 nMBafA1 for 4 h to analyze autophagy status, thoughwe
observed no significant differences between treatments (Figure
6B). To confirm the role of AMPK in β-amyloid secretion, CGNs
obtained fromAPP/PSEN1mice were infected with the lentiviral
constructs containing the CA, KI, or wild type forms of
PRKAA1, or the SCR control. Overexpression of all 3 forms of
PRKAA1 resulted in a modest increase of amyloid levels
(Figure 6C).

The data strongly supports the conclusion that in neurons
the activation of AMPK (CA or wild type) does not enhance
autophagy, and secondly that this activation does not correlate
with a reduction of amyloid secretion if anything with an
increase of it. Finally, we observed that any of the AMPK
modulators did not modify total APP levels, which discards
an altered expression of the amyloid precursor as the mechan-
ism underlying the different secreted amyloid levels (Fig. S6).
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Discussion

The main aim of this work was to analyze the regulatory
mechanisms of autophagy in neurons in physiological condi-
tions, but also to discern whether increasing autophagy may
have therapeutic value for the reduction of β-amyloid accumu-
lation, a hallmark of AD. Indeed, AD displays serious imbal-
ances in the proteostatic mechanisms in neurons, especially
autophagy (reviewed in [16]). However, there is some contro-
versy regarding whether the enhancement of autophagy can
help to degrade excessive amyloid [50,51], or rather would
contribute to the generation of acidic compartments where
optimal BACE1 activity leads to a higher amyloid production
rate [8,52] (reviewed in [53]). Our results support that auto-
phagy can have a therapeutic anti-amyloidogenic effect in
neurons, at least when inhibiting MTORC1. However, we also
demonstrated that AMPK activation does not lead to this effect.

We showed that the 2-month treatment of APP/PSEN1
mice with the autophagy inducer rapamycin led to
a significant reduction of brain Aβ40 levels. Rapamycin was
able to cross the blood-brain barrier and target the brain
tissue, as seen by a reduction of RPS6KB1 activity. It affected
neuronal populations, inferred from the modified phosphor-
ylation levels of the particularly abundant protein in neurons
MAPT/TAU [39,40,54]. The lower phosphorylation levels in
the MAPT phospho-epitope PHF1 would also point out
a reduction in the homeostatic alterations in neurons,

characteristic of Alzheimer pathology [55]. Our results with
rapamycin are in agreement with other reports describing
neuroprotective effects in other AD mice models, such as
3xTg-AD, Tg2576 or PDAPP, through reversion of the
MTORC1 hyperactivation characteristic of AD patients, and
thus by inducing autophagy [31,56,57], but also by lowering
the protein synthesis [56,58]. Oral administration of rapamy-
cin showed anti-amyloidogenic effects in 3xTg-AD and
PDAPP mice [31,57,59,60]. Paradoxically, a pro-
amyloidogenic effect has been described through inhibition
of the alpha-secretase ADAM10 by intraperitoneal adminis-
tration of 3 mg/kg rapamycin 5 d/week for 2 weeks to Tg2576
mice [34]. Interestingly, the rapamycin analog temsirolimus
also showed relevant anti-amyloidogenic effects when intra-
peritoneally administered to Mo/HuAPP695/PS1dE9 mice at
20 mg/kg every 2 d for 2 months [61]. Nevertheless, according
to the immunosuppressive capacity of rapamycin [62], after
2 months of treatment, we observed a diminished ability of
small wounds to heal properly. This effect reinforces the need
to improve formulations and posology of MTORC1 inhibitors
for chronic therapeutic approaches based on autophagy.

The overexpression of mutated APP and PSEN1 in neurons
of our AD mouse model led to similar accumulations of Aβ in
both cortex and cerebellum [30]. Indeed, some have observed
elevated levels of Aβ in the cerebellum of early-onset familial and
sporadic AD patients [63,64]. Thus, to study the effect of rapa-
mycin in neurons from our APP/PSEN1 transgenic mouse, we
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used cultured cerebellar granule neurons (CGNs) from post-
natal days 5–7 mice as an isolated neuronal model, which
allow us to determine their genotype previously, generate
a homogenous pool of neurons and obtain a highly pure culture
(96% granule neurons).

We corroborated in primary cell cultures that the pro-
autophagic and anti-amyloidogenic effect of rapamycin
observed in vivo occurs, at least, in neurons within the brain
cell populations. Rapamycin treatment of CGNs from APP/
PSEN1 mice led to a decrease in secreted amyloid levels
through MTORC1 inhibition and the subsequent induction
of autophagy. The reversion of the Aβ-reducing effect of
rapamycin when blocking autophagy initiation (using the
ULK1/2 inhibitor MRT68921) confirmed the therapeutic
role of autophagy enhancement. Moreover, increases in
secreted Aβ with this inhibitor in the absence of rapamycin
confirmed that basal autophagy could also contribute to amy-
loid reduction.

On the other hand, our results only support a modest
induction of autophagy with rapamycin in both CGN and SH-
SY5Y neuronal systems, in contrast to the marked effect
observed in the quickly dividing neuroblastoma N1E-115
cells similar to that described in the literature mostly in cell
lines and yeast [26]. While some previous studies have
defended the ability of rapamycin to induce autophagy in
neurons [65–67], others have questioned it [44,68,69]. Our
results support the ability of rapamycin to induce autophagy
through MTORC1 inhibition since that was analogous to
amino acid deprivation. This result was verified after both
short- and long-term treatments when MTORC2 activity was
also affected [43], although we did not observe any negative
effects that have been described for MTORC2 inhibition in
autophagy [70]. Thus, a more controlled autophagic status in
neurons may constitute one of the great metabolic differences
from tumorigenic cell lines with high division rates. Neurons
require strict proteostatic regulation according to its post-
mitotic, highly polarized, and compartmentalized nature,
with high energy demands [3]. Accordingly, other groups
have also found peculiarities in autophagy regulation in neu-
ronal cells [44,69,71–73]. Thus, specific analyses of the
described regulatory pathways of autophagy in neurons are
essential for the development and optimization of neuropro-
tective strategies based on this process.

The second aim of our work was to analyze the putative
contribution of AMPK, a well-described autophagy regulator,
in our neuronal system. AMPK constitutes another main
metabolic supervisor in almost all cell lineages, and governs
the energy status of the cell through sensing AMP/ATP,
amino acid and glucose levels, and tracking mitochondrial
conditions [24]. AMPK has been described to induce auto-
phagy through the inhibition of MTORC1, but also directly by
phosphorylation of the ULK1/2 and the class III PtdIns3K
complexes [28,29]. Thus, we wanted to check if it could have
a main regulatory role for autophagy in neurons, alone or in
combination with MTORC1 inhibition.

Inhibition of AMPK with CoC led to the expected reduction
of autophagy flux in both CGNs and SH-SY5Y cells.
Surprisingly, increased activity of AMPK (by treatment with
2DG, Metf, or AICAR) did not lead to an enhancement of

autophagy, either alone or in combination with rapamycin.
The failure to enhance autophagy by these compounds could
be due to off-target actions, such as inhibition of the pro-
autophagy kinase MAPK8/JNK during Metf treatment [74],
though we did not observe this effect with AICAR or 2DG
(data not shown). According to our results, there is also some
doubt about the impact of these compounds on autophagy [74–
76]. Thus, as a second approach, we proceeded tomodify AMPK
activity by transforming CGNs with lentiviral particles to over-
express constitutive, null, and wild type forms of the kinase,
although none of them could modify the autophagic flux.

The AMPK activator AICAR increased the secreted Aβ40
levels by APP/PS1 CGNs, prevented by the inhibition of
AMPK with CoC, which supports an AMPK-mediated pro-
amyloidogenic effect of AICAR. This result, together with the
higher Aβ40 levels when overexpressing constitutive active or
WT forms of PRKAA1, points out a pro-amyloidogenic role
of AMPK. Metf and 2DG led to a reduction of secreted Aβ40
levels, non-reversed by CoC, so we hypothesize that their anti-
amyloidogenic effects are a consequence of an AMPK-
independent process. Contrary to the effect of the AMPK
inhibitor CoC, the overexpression of the kinase-inactive
form of PRKAA1 did not decrease amyloid secretion, which
may be related to the remaining activity of the endogenous
kinase, as indicated by p-ACACA (S79), which strongly sug-
gest that it was not able to play a dominant-negative effect in
these conditions.

Blocking autophagy with inhibitors of ULK1/2 or class III
PtdIns3K did not reverse the lowered Aβ40 levels by Metf,
2DG, or CoC, nor the increased Aβ40 levels by AICAR. This
result supports that: 1) autophagy does not mediate the pro-
amyloidogenic effect of AMPK (according to AICAR, CoC,
CA-PRKAA1, and WT-PRKAA1), and 2) autophagy does not
mediate the AMPK-independent anti-amyloidogenic effect of
Metf and 2DG. Interestingly, the combination of 2DG and
PIK3C3-IN1 led to decreased amyloid secretion levels.
Whereas the glucose analog 2DG blocks glycolysis to lower
ATP levels and activate AMPK [77], inhibition of PIK3C3
switches the cellular respiration from oxidative phosphoryla-
tion toward glycolysis, which depends on glucose uptake [78].
We hypothesize that alterations of amyloid secretion by co-
treatment with 2DG and PIK3C3-IN1 could be a consequence
of both disturbing the glycolytic metabolism affecting the
neuronal status, which could also explain the high toxicity
observed at long-term treatments of 48 h. Although doing
more work to unveil the metabolic processes involved in this
effect is needed.

In summary, our work supports that MTORC1 plays an
important role in controlling autophagy in neurons, even
though quantitatively, the greatest inhibition by rapamycin
did not produce an extraordinary increase in autophagy.
Still, its possibly therapeutic anti-amyloidogenic effect was
measurable both in vivo and ex vivo. Whereas the basal
activity of AMPK is essential for the function of autophagy,
greater kinase activation is not able to augment the rate of
degradation. Moreover, AMPK activation presents a pro-
amyloidogenic effect not mediated by autophagy.

According to our data from CGNs and SH-SY5Y, we
hypothesize that neurons have a more complex regulation of
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the initial steps of autophagy. While inhibition of MTORC1 is
important to enhance autophagy flux further, more AMPK
activity does not enhance this process, clearly different from
the generally accepted dogma. Doing more work to define the
key elements that control autophagy during AMPK activation
in different neuronal systems is needed.

Materials and methods

Animal handling

We employed the double-transgenic mouse strain B6.Cg-Tg
(APPSwe, PSEN1dE9) 85Dbo/J, which overexpresses the
human genes APP (amyloid beta precursor protein) with the
Swedish mutation and exon-9-deleted PSEN1 (presenilin 1;
Jackson Laboratory, Bar Harbor; stock no. 005864), hereafter
referred to as APP/PSEN1 [30,38]. The genotype of each
mouse was confirmed by PCR of DNA isolated from tail
biopsies [79]. All animal care and handling strictly followed
current Spanish legislation and guidelines, and those of the
European Commission (directive 2010/63/EU). The use of
wild type and transgenic animals was an absolute requirement
for this project; however, experiments were designed to mini-
mize the use of animals. All transgenic mice and non-
transgenic littermates were group-housed in standard cages
with fiber bedding, under a 12 h/12 h light/dark cycle.

In vivo rapamycin treatment

As previously described [33], a stock solution of 20 mg/ml
rapamycin (LC Laboratories, R-5000) in ethanol was con-
served at −20ºC, and diluted in the vehicle solution (5%
PEG400 [Fluka, 81172], 5% Tween80 [Sigma-Aldrich,
P4780] in phosphate-buffered saline, pH 7.4 [PBS;
137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM
KH2PO4]) the day of use. Prior to the experiment, blood
plasma samples were collected to measure the β-amyloid
levels by ELISA and, accordingly, homogenously distribute
9 mice per group, rapamycin or vehicle-treated. 4-month-
old male APP/PSEN1 mice were intraperitoneally injected
with 5 mg/kg of rapamycin, or equivalent volumes of vehi-
cle solution, every 48 h for 2 months. Bodyweight was
measured weekly and blood plasma samples were also col-
lected at the end of the experiment. Then, mice were
sacrificed in CO2 atmosphere and different parts of the
brain were conserved at −80ºC.

Cell culture

SH-SY5Y (ATCC, CRL-2266) and N1E-115 (ATCC, CRL-
2263) were cultured in Dulbecco’s modified eagle’s medium
(DMEM; Gibco, 52100) supplemented with 110 mg/L pyru-
vate (Merck, 106619), 3.7 g/L sodium bicarbonate (Merck,
106329), 10% fetal bovine serum (FBS; Sigma-Aldrich,
F7524), 2 mM glutamine (Merck, 100289), 0.01% streptomy-
cin (PanReac AppliChem, A1852) and 100 U/ml penicillin
G (PanReac AppliChem, A1837), at 37ºC in an atmosphere
of 5% CO2.

Primary cerebellar granule neuron (CGN) cultures were
performed based on previous protocols [80–82] with some
modifications. Briefly, after genotyping pups at post-natal day
2–3 (P2, P3), primary CGNs were isolated from post-natal day
5, 6 or 7 (P5-P7) APP/PSEN1 mice, or their wild type litter-
mates. Meninges were carefully removed from cerebella,
washed in ice-cold medium (3% bovine serum albumin
[BSA; Roche, 1073508001] and 1.2 mM MgCl2 in Hanks
Balanced Salt solution [HBSS; Invitrogen, 14170–088]),
minced with a razor blade and digested in 0.2% trypsin
(Sigma-Aldrich, T4549) with 0.6 mg/ml DNase-I (Roche,
10104159001) for 15 min at 37ºC. A solution containing
20% FBS, 0.2 mg/ml DNase-I, and 2.4 mM MgCl2 in HBSS
was added to stop the digestion, and tissue was triturated with
sterile glass Pasteur pipettes with 2 different tip diameters.
After centrifuging 10 min at 168 x g to remove the FBS,
neurons were seeded in Neurobasal (Gibco, 21103–049) sup-
plemented with 1x B27 (Gibco, 17504–044), 2 mM
GlutaMAX™ (Gibco, 35050–038), 0.01% streptomycin,
100 U/ml penicillin G and 22 mM KCl, in plates previously
coated with 10 µg/ml poly-L-lysine (Sigma-Aldrich, P4707).
1.5 × 106 cells per well were plated in 6-well plates to obtain
extracts for western blot, and 105 cells per well in 24-well
plates to measure the secreted amyloid levels in the media by
ELISA. CGN cultures were incubated at 37ºC in an atmo-
sphere of 5% CO2, and experiments performed until DIV 4 (4
d in vitro), in a serum-free medium, to prevent the consecu-
tive boost of glial cells (in our hands: 96% neurons, 4% glia).

Both CGNs and SH-SY5Y were treated with rapamycin
(Rapa; LC Laboratories, R-5000), bafilomycin A1 (BafA1;
Santa Cruz Biotechnology, sc-201550), PIK3C3/VPS34-IN1
(IN1; MRC Protein Phosphorylation and Ubiquitylation
Unit, VPS34-IN1 [45]) or MRT68921 (MRT; MRT0068921
was kindly provided by Dr. Barbara Saxty, MRC Technology
[47]), whose solvent dimethyl sulfoxide (DMSO, PanReac
AppliChem, A3672) was employed as a negative control.
2-deoxy-D-glucose (2DG; Sigma-Aldrich, D6134), metformin
(Metf; Calbiochem, 317240), 5-aminoimidazole-4-carboxa-
mide-1-β-riboside (AICAR; Calbiochem, 123040) and com-
pound C (CoC, dorsomorphin dihydrochloride; Tocris, 3093)
were dissolved in MilliQ water.

Autophagic flux

Autophagic flux rate was measured after blocking autophago-
some-lysosome fusion and clearance by addition of the
v-ATPase inhibitor BafA1 (or equal volume of DMSO as
control) for the last 4 h before harvesting the cells. LC3-II
levels were measured by western blot on methanol-activated
PVDF (Millipore) membranes.

Gel electrophoresis and western blots

Treated cells were scraped off the plates in 100 µl of SDS-lysis
buffer (50 mM Tris pH 7.6, 400 mM NaCl, 1 mM EDTA,
1 mM EGTA, 1% SDS). The homogenate was heated at 95ºC
with vigorous shaking for 15 min and sonicated for 30 s.
Samples were centrifuged at 16,000 x g for 20 min and the
supernatants were stored at −20ºC.
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Frozen cerebral cortex samples were lysed with a tissue
homogenizer in 3 µl/mg ice-cold Triton-lysis buffer (20 mM
HEPES [Sigma-Aldrich, H3375], 100 mM NaCl, 100 mM
NaF, 1 mM Na3VO4, 5 mM EDTA, 1% Triton X-100
[Merck, 108603], 1x Complete Protease Inhibitor Cocktail
[Roche, 1697498], 1 µM okadaic acid [Calbiochem, 459618]).
Samples were centrifuged at 16,000 x g for 20 min at 4ºC and
the supernatant was diluted 1:10 and stored at −20ºC.

Protein concentration was measured using the DC Protein
Assay (Bio-Rad, 5000111), following the manufacturer’s pro-
tocol. Samples of 20 µg protein were mixed with 5x loading
buffer (10% SDS, 5% beta-mercaptoethanol, 325 mM Tris
HCl, pH 6.8, 25% glycerol, and 0.5% bromophenol blue) to
a final concentration of 1x, and heated for 5 min at 100ºC.
20 µg protein samples were resolved by SDS/PAGE, and then
transferred to nitrocellulose (Whatman) or PVDF (Millipore)
membranes. After blocking with 5% BSA for 1 h, the mem-
branes were probed overnight at 4ºC with the primary anti-
body and incubated with a secondary horseradish peroxidize-
conjugated antibody. Washing steps and solutions were made
in 0.1% Tween 20 (Merck, 822184) – TBS (100 mM Tris, pH
8, 150 mM NaCl), and antibody binding was detected using
Western lightingTM Plus ECL (Perkin-Elmer, NEL105).
GAPDH or ACTB/β-actin were used as an internal control.
The relative quantity of protein levels in western blots was
measured using ImageJ software (ImageJ, Fiji) [83].

The following antibodies and the corresponding dilutions
were used: APP A4-22C11 (1:500; Millipore, MAB348), APP-
6E10 (1:1000; Covance, SIG-39300), BACE1 (1:1000; Cell
Signaling Technology, 5606), p-MAPT/TAU S396/404
(PHF1, 1:200; gift from P Davies Sift), MAPT/TAU5
(1:1000; Millipore, 577801), cleaved CASP3 (1:1000; Cell
Signaling Technology, 9661), LC3B (1:4000; Sigma-Aldrich,
L7543), ATG5 (1:1000; Sigma-Aldrich, A2859), NBR1 (1:500;
Santa Cruz Biotechnology, sc-130380), SQSTM1 (1:4000;
Novus Biologicals, H00008878-M01), p-RPS6KB1 T389
(1:1000; Cell Signaling Technology, 9205), RPS6KB1 (1:500;
Santa Cruz Biotechnology, sc-230), p-RPS6 S240/244 (1:1000;
Cell Signaling Technology, 2215), RPS6 (1:1000; Cell
Signaling Technology, 2217), p-PRKAA/AMPKα T172
(1:1000; Cell Signaling Technology, 2535), PRKAA1/
AMPKα1 (1:1000; Cell Signaling Technology, 5832), p-AKT
S473 (1:1000; Cell Signaling Technology, 9271), AKT (1:1000;
Cell Signaling Technology, 9272), p-ACACA S79 (1:1000; Cell
Signaling Technology, 3661), p-ULK1 S555 (1:1000; Cell
Signaling Technology, 5869), GAPDH (1:2000; Cell Signaling
Technology, 2118), ACTB (1:40,000; Sigma-Aldrich, A5441),
anti-rabbit IgG-HRP (1:5000; Santa Cruz Biotechnology, sc-
2004) and anti-mouse IgG-HRP (1:5000; Santa Cruz
Biotechnology, sc-2005).

Aβ quantification by ELISA

The Aβ levels of cerebral cortex samples or of the medium of
the cultured neurons were measured using the Human Aβ40
(Invitrogen™, KHB3482) or Aβ42 ELISA kit (Invitrogen™,
KHB3442), following the manufacturer’s instructions. Plate
absorbance was read with an Opsys MR microplate reader
(Dynex Technologies) at 450 nm [38].

Lentiviral transformation

Cells were incubated with lentivirus (MOI = 10) for 24 h and
experiments were performed from 48–72 h post-infection.
The lentiviral constructs employed were: pMD2.G (Addgene,
12259; Didier Trono Lab) and pCMVR8.74 (Addgene, 22036;
Didier Trono Lab) [84]; RHEBQ64L (Addgene, 21050; Peter
Vogt Lab) [85]; FUW mCherry-GFP-LC3 (Addgene, 110060;
Anne Brunet Lab) [86]. Scramble (SCR), rPRKAA1/
rAMPKalpha1(aa1-312; CA-PRKAA1) and rPRKAA1D157A

(KI-PRKAA1) were a kind gift from Rachel Hertz [87].
Expression of wild type PRKAA1 was performed by coinfec-
tion of pLenti CMV rtTA3 Blast (w756-1; Addgene, 26429;
Eric Campeau Lab) and FUW TetO HA-AMPKa1 WT
(Addgene, 69824; Anne Brunet Lab); and treatment with
2.5 µg/ml doxycycline (Sigma-Aldrich, D9891) for 24 or 48 h.

Immunofluorescence study

Cerebellar granule neurons were cultured and infected with
the lentiviral construct containing FUW mCherry-GFP-LC3
(Addgene, 110060; Anne Brunet Lab) 2 d after plating. The
infected cells were incubated with 200 nM rapamycin for 24 h
and/or with bafilomycin A1 for 4 h. After that, cells were fixed
with 4% paraformaldehyde (Sigma-Aldrich, 16005) in PBS
and stained with DAPI (2-[4-amidinophenyl]-1H -indole
-6-carboxamidine; Merck, 268298) to visualize the nuclei.
Fluorescence signal was observed in confocal microscope
(Zeiss) and images obtained with the system Zeiss ZEN
2008. Data are shown as number of red and yellow organelles
per neuron (100 cells were quantified per experimental
condition).

Statistical analysis

Student’s t-tests or ANOVA followed by Holm–Sidak post-
hoc test were performed with SigmaPlot 12.5. software (Systat
Software Inc., Version 12.5), according to the number of
variables, experimental groups and data distribution.
Differences were considered statistically significant when
p ≤ 0.05 (*), p ≤ 0.01 (**) or p ≤ 0.001 (***). All experiments
were independently replicated 3 times, unless otherwise spe-
cified in the legend. Data from analysis by western blot and
ELISA are represented as mean ± standard error of the mean
(SEM) on bar charts. Data from the immunofluorescence
study are represented as box plots, which show the 25th,
50th, 75th percentiles as boxes, the 10th and 90th percentiles
as error bars, and outliers as dots.
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